Predictions of fiducial cross sections, differential cross sections, and lepton charge asymmetry are presented for the production of ± bosons with leptonic decay up to next-to-next-to-leading order (NNLO) in perturbative QCD. Differential cross sections of ± bosons and boson lepton charge asymmetry are computed as a function of lepton pseudorapidity for a defined fiducial region in collisions at √ = 13 TeV. Numerical results of fiducial ± cross section predictions are presented with the latest modern PDF models at next-to-leading order (NLO) and NNLO. It is found that the CT14 and NNPDF 3.0 predictions with NNLO QCD corrections are about 4% higher than the NLO CT14 and NNPDF 3.0 predictions while MMHT 2014 predictions with NLO QCD corrections are smaller than its NNLO QCD predictions by approximately 6%. In addition, the NNLO QCD corrections reduce the scale variation uncertainty on the cross section by a factor of 3.5. The prediction of central values and considered uncertainties are obtained using FEWZ 3.1 program.
Introduction
Inclusive production of bosons in proton-proton ( ) collisions is an important ingredient in a variety of precision studies of Standard Model (SM) parameters and derived quantities as well as a key element in Large Hadron Collider (LHC) detector calibration. The leading order processes for inclusive boson production in collisions are mainly from → + and → − . Due to the presence of two valance and one valance quarks in the proton, + bosons are produced more often than − in collisions. This difference leads to an asymmetry between + and − , which constrains the ratio of and quarks. boson production asymmetry is defined to be
Due to cancellation of both experimental and theoretical uncertainties, a high precision measurement of this asymmetry as a function of boson rapidity ( ) can be used to improve the current knowledge of parton distribution functions (PDFs). However, it is difficult to measure the production asymmetry because of the energy carried away by neutrinos in leptonic boson decays. A quantity more directly accessible experimentally is the lepton charge asymmetry, defined as
where / is the differential cross section for boson production and subsequent leptonic decay and is the 2 Advances in High Energy Physics charged lepton pseudorapidity which encompasses the beam angle. Both boson lepton charge asymmetry and boson production charge asymmetry were previously studied in collisions by the CDF and D0 collaborations [1] [2] [3] [4] [5] . At the LHC, CMS, ATLAS, and LHCb experiments performed boson lepton charge asymmetry using the data collected in 2010 [6] [7] [8] . The CMS experiment has further improved the measurement precision by using data collected at 7 TeV (in 2011) and at 8 TeV (in 2012) center of mass energies (√ ). The number of → ] events in the 8 TeV measurement [9] (more than 100 million) is 5 orders of magnitude larger than the events in the 7 TeV measurement [10] . In addition, the average value of the Bjorken scaling variable [11] for the interacting partons in ± boson production at √ = 8 TeV is lower than at √ = 7 TeV, which is expected to result in a lower boson production charge asymmetry. The average value of this parameter is smaller for √ = 13TeV data collected in 2015 at LHC, and this let us study the PDFs for lower values. The measurement precision could be further improved using 13 TeV data, and this may help to improve the determination of the PDFs.
processes shown in Figure 1 are well understood and can be used to test precision predictions based on quantum chromodynamics (QCD). In addition to the lepton charge asymmetry predictions, inclusive and differential cross section measurements of + and − bosons are also considered in this paper. The cross section measurements of leptonic channels can provide fundamental tests of perturbative QCD since they provide clean signatures with relatively low background. Differential cross section values are also essential inputs for the calculation of the lepton charge asymmetry. The scale, PDFs, and strong coupling constant ( ) uncertainties are included in the measurements since they have become a limiting factor for the precision of many inclusive and differential cross section calculations. The changes in the uncertainties by center of mass energy increases are also considered in the discussions of NLO and NNLO QCD correction effects on the uncertainties. This paper presents the theoretical predictions of the fiducial cross sections, differential cross sections, and the lepton charge asymmetry obtained using the FEWZ 3.1 [12] interfaced with the most recent PDF sets (CT14 [13] , NNPDF 3.0 [14] , and MMHT 2014 [15] ) to understand the impact of the QCD corrections at 13 TeV center of mass energy. No electroweak corrections are included in these calculations. DYNNLO [16] parton level Monte Carlo program, which computes the cross sections for vector boson production in and collisions up to NNLO in QCD perturbation theory, is used to validate the FEWZ results.
Predictions of Fiducial Cross Sections and Lepton Charge Asymmetry
In practice, the observed cross sections and lepton charge asymmetry ( ( )) should be compared to the cross section and asymmetry predictions calculated to the highest order that is available. Currently, the highest order in perturbative QCD is NNLO. The necessity of NNLO cross section predictions is demonstrated in Figure 2 . CMS [17] [18] [19] and ATLAS [20, 21] 
, and ( ). The lepton is required to have | | < 2.4 and > 25 GeV. All presented results are for born level (pre-QED FSR) leptons. CT14, NNPDF 3.0, and MMHT 2014 PDF models are used with the corresponding value of ( ) = 0.118 at NLO and NNLO, and = 80.403 GeV. The dependence of + and − total cross sections and the lepton charge asymmetry on ( ) is illustrated at NLO and NNLO in Figure 3 . It is found that the predicted cross section values increase as ( ) increases. On the other hand, the asymmetry decreases as ( ) increases.
Another objective of this paper is the calculation of the theoretical uncertainties on the cross sections and the lepton charge asymmetry. The PDF, scale (factorization and renormalization scales), and ( ) uncertainties are considered. The PDF uncertainty is estimated following closely the prescription of the PDF4LHC working group [22, 23] . The PDF uncertainties for the CT14 and MMHT 2014 are calculated with their eigenvector sets using asymmetric master equations, and the standard deviations over its 100 replicas are evaluated for the NNPDF PDF uncertainties.
The default value is chosen as 0.118 in the measurements. To calculate uncertainty, the cross sections and asymmetry predictions are computed with 0.117, 0.118, and 0.119 values. value is consistently varied in the QCD perturbative calculations as well as in the PDF. Then, uncertainties on the observables are calculated as follows:
where can be cross section, differential cross section, or asymmetry.
Advances in High Energy Physics 
Figure 3: ± ( ± ]) total cross sections and the lepton charge asymmetry predictions as a function of with NLO and NNLO QCD corrections at √ = 13 TeV. The predictions are computed using CT14 NLO and NNLO PDF models.
In the measurements, the factorization and renormalization scales are chosen to be ≡ = = , with a theoretical uncertainty estimated by varying the scale choice by factor in the range [1/2, 2]. The scale variation is done simultaneously and coherently for renormalization and factorization scales. The observables are recomputed with the new factorization and renormalization scales. Then, scale uncertainties for each observable are calculated as follows:
where can be cross section, differential cross section, or asymmetry. and scale uncertainties are reported as the maximum between the positive and negative variations although they are asymmetric. The differences between positive and negative variations are slightly different. Each individual uncertainty is added in quadrature to calculate the total uncertainty. Total uncertainty means the sum of the PDF, , and scale uncertainties in quadrature throughout this paper unless otherwise specified.
Fid
± and its uncertainties are presented at different perturbative orders with different PDF models in Table 1 . The results show that the inclusive NNLO corrections result in approximately 4% increases on the CT14 and NNPDF 3.0 and approximately 6% increase on the MMHT 2014 NLO cross sections. In addition, it is found that the NNLO QCD corrections reduce the scale variation uncertainty by a factor of 3.5. There is no significant change on the PDF and uncertainties.
There are many differences in the PDF analyses between CT14, NNPDF 3.0, and MMHT 2014 groups such as input data, treatments of heavy quarks, values of heavy quark masses, and ways of parameterizing PDFs, but in general it is expected that there is good agreement among them. Therefore, correlation ellipses between + and − fiducial cross sections are drawn for NLO and NNLO QCD predictions. Figure 4 shows the predicted fiducial cross sections times leptonic branching ratios, + versus − . The ellipses illustrate the 68% CL coverage for total uncertainties. The ellipses for different PDF models show that NNLO (NLO) QCD predictions are consistent with other NNLO (NLO) PDF model predictions. The predictions with NLO QCD corrections have larger ellipses due to the larger total uncertainties.
Predictions of the fiducial differential cross section and the lepton charge asymmetry can give more information on the impact of the NNLO QCD corrections. In the fiducial region, the cross sections are evaluated differentially and the lepton charge asymmetry is obtained as a function of lepton pseudorapidity at different perturbative orders. The lepton binning is chosen as follows: 
The PDF, scale, and uncertainties are calculated for each pseudorapidity bin. The total uncertainty is determined by summing each uncertainty in quadrature. The predicted differential cross section values with their total theoretical uncertainties are presented in Table 2 . The statistical precision of the predictions is 0.04%. The impact of the NNLO QCD correction as a function of lepton pseudorapidity is further investigated by examining the -Factor distributions. TheFactor is defined as Similar study with the fiducial differential cross section work is performed for the lepton charge asymmetry. The predicted asymmetry values with total theoretical uncertainties are summarized in Table 3 . To perceive the impact of NNLO corrections on the asymmetry, the difference between NLO and NNLO asymmetry predictions is investigated. Figure 6 presents the difference between NNLO and NLO asymmetry predictions for each bin. It is found that there is an average of 0.1% increase on NLO predictions for each PDF model.
Future Prospects on the Uncertainties
The measurement of the cross section for boson production is fundamental to the SM. High precise experimental results in collisions have been performed using the LHC at 7 and 8 TeV center of mass energies [6] [7] [8] [9] [10] . Since the Large Hadron Collider (LHC) operated at √ = 13 TeV in 2015, it is important to update 8 TeV lepton charge asymmetry and cross section results [9] with 13 TeV results. With 13 TeV LHC data, the statistical precision may be improved and the lepton charge asymmetry could be calculated for lower values. The predictions in this paper can be used to cross-check the experimental results from collisions at 13 TeV. In this section, the impact of the increase of the center of mass energy on theoretical uncertainties is further investigated. The changes in the theoretical uncertainties from 8 TeV to 13 TeV are as important as the change of the central values of the cross section. To investigate the impact of the center of mass energy increase on the central values and theoretical uncertainties of observable quantities, the predictions are performed with NNPDF 3.0 NNLO PDF model for Table 4 shows the results for the fiducial cross section. The results show that the center of mass energy increase tends to slightly increase the uncertainties on the predictions.
Results
Observables such as the differential cross section ( ± / ) and lepton asymmetry as a function of lepton pseudorapidity are shown by Figures 7 and 8 . The numerical values are calculated using FEWZ 3.1 program interfaced with the three most recent PDF sets: CT14, NNPDF 3.0, and MMHT 2014. Each PDF model is plotted in different color and the colorful bands present the total uncertainties. We also cross-checked the theoretical predictions using the DYNNLO 1.5 MC tool. DYNNLO predictions are obtained using only MMHT 2014 PDF model and it is shown by black points on the upper panel of each figure.
The lower panels of 
Conclusion
The LHC at CERN laboratory collided with protons at 7 and 8 TeV center of mass energies and recently it has reached 13 TeV. In this paper, QCD predictions with the most recent PDFs to date for the inclusive production of bosons in collisions at √ = 13 TeV are presented with up to NNLO QCD corrections. The impacts of NNLO QCD corrections and NLO predictions on the central value of the observables and their theoretical uncertainties are investigated. The results show that the NNLO corrections increase the NLO CT14 and NNPDF 3.0 cross section predictions by approximately 4% while they increase MMHT 2014 cross section predictions at NLO by approximately 6%. The uncertainties associated with PDF, strong coupling constant, and high order correction scales are compared. The scale uncertainty at the NLO is reduced with NNLO QCD correction by a factor of 3.5. In addition, uncertainty on the cross section at the NLO is slightly reduced with NNLO QCD correction. Based on the observables such as the differential cross section and lepton charge asymmetry as a function of lepton pseudorapidity, it is found that the latest PDF model predictions are in good agreement with each other unlike previous PDF sets used in the recent charge asymmetry analyses [7] [8] [9] [10] .
